The collection and analysis of data on antimicrobial resistance in human and animal populations are important for establishing a baseline of the occurrence of resistance and for determining trends over time. In animals, targeted monitoring with a stratified sampling plan is normally used. However, to our knowledge it has not previously been analyzed whether animals have a random chance of being sampled by these programs, regardless of their spatial distribution. In this study, we used spatial scan statistics, based on a Poisson model, as a tool to evaluate the geographical distribution of animals sampled by the Danish Integrated Antimicrobial Resistance Monitoring and Research Programme (DANMAP), by identifying spatial clusters of samples and detecting areas with significantly high or low sampling rates. These analyses were performed for each year and for the total 5-year study period for all collected and susceptibility tested pig samples in Denmark between 2002 and 2006. For the yearly analysis, both high and low sampling rates areas were significant, with two clusters in 2002 (relative risk [RR]: 2.91, p < 0.01 and RR: 0.06, p < 0.01) and one in 2005 (RR: < 0.01, p < 0.01). For the 5-year analysis, one high sampling rate cluster was detected (RR: 2.56, p ¼ 0.01). These findings allowed subsequent investigation to clarify the source of the sampling clusters. Overall, the detected clusters presented different spatial locations over the years and we can conclude that they were more associated to temporary sampling problems than to a failure in the sampling strategy adopted by the monitoring program. Spatial scan statistics proved to be a useful tool for assessment of the randomness of the sampling distribution, which is important when evaluating the validity of the results obtained by an antimicrobial monitoring program.
Introduction

M
onitoring antimicrobial resistance among bacteria from humans, foods, and production animals allows for the detection of trends in antimicrobial resistance and the emergence of new resistance profiles (Caprioli et al., 2000; Fluit et al., 2006) . The collection and analysis of data on antimicrobial resistance in human and animal populations are important for establishing a baseline of the occurrence of resistance and for determining trends over time.
Currently, a number of countries have wellestablished monitoring programs (Marano et al., 2000; EFSA, 2008) . In general, each program adopts the methodological considerations that fulfill its intended purposes, including sampling strategies, type of samples, antimicrobials for susceptibility testing, and species of bacteria (McEwen, 2006) .
The Danish Integrated Antimicrobial Resistance Monitoring and Research Programme (DANMAP) was established in 1995 with the objective of providing data on trends in the occurrence of antimicrobial resistance and on monitoring consumption of antimicrobial agents (Bager, 2000; DANMAP, 2006) . It includes human, food animal, and food isolates of pathogens and zoonotic and indicator bacteria, which are all examined for their susceptibility to a panel of antimicrobial agents. The results of this monitoring program are reported annually and are used by the research community as an important data source regarding trends on antimicrobial consumption and resistance Hammerum et al., 2007) . Regarding sampling strategies for antimicrobial resistance surveillance among production animals, targeted monitoring using a specially designed sampling plan is usually recommended (McEwen, 2006) . In most programs the samples are randomly collected from herds and the results are compiled in a yearly report. In order to ease the process, samples are usually taken at the slaughterhouses and traced back to the herds from which the animals originated. In some programs, including DANMAP, the sampling is stratified on slaughterhouses and each slaughterhouse collects a number of samples proportional to the number of animals slaughtered. Although this sampling strategy is widely accepted, only a limited number of samples are collected and analyzed. Also, since this sampling scheme is conveniently designed for practical use at the slaughterhouses (i.e., not perfectly random), there is a need to evaluate if animals have a random chance of being sampled regardless of their spatial distribution or if there are some spatial clusters with significantly high or low sampling rates.
Spatial clustering in an antimicrobial monitoring program can impact the representativeness of the sampled population and limit the generalization of the obtained results. It might represent a problem in risk factor analysis for various resistance patterns, whenever the analysis assumes sampling randomness. Scan statistics have been used to detect spatial, temporal, and spatial-temporal clusters of disease cases and risk factors (Coulston and Riitters, 2003; Odoi et al., 2004; Jones et al., 2006; Lian et al., 2007) . To our knowledge, they have not been used before to detect spatial clusters in an evaluation of the sampling scheme of a monitoring program. The objective of this study was to determine whether all pigs have a random chance of being included in the sample regardless of their spatial distribution, by detecting the existence of spatial clusters of pigs with samples analyzed by DANMAP and by describing these identified clusters.
Materials and Methods
Monitoring program
In DANMAP, fecal samples from pigs are collected monthly by company personnel at the slaughterhouses. The samples are examined for Escherichia coli and a subsample of these E. coli is tested for antimicrobial susceptibility. In order to get samples from a random subset of all pigs in Denmark, the number of fecal samples taken by each slaughterhouse is proportional to the number of animals slaughtered at each site per year. Pig slaughterhouses included in DANMAP represent 95% of the total number of pigs slaughtered in Denmark each year. The sampling process provides a stratified random sample of the Danish pig population, and the prevalence of antimicrobial resistance detected among the E. coli isolates represents an estimate of the true occurrence in the population (DANMAP, 2006) .
Study population
Data on pig herds delivered to Danish slaughterhouses between the years of 2002 and 2006 were provided by the Danish Meat Association and included the exact number of slaughter pigs delivered from each registered herd for slaughter in the country. Since herds delivering more than 200 animals per year account for more than 95% of the pigs slaughtered and more than 95% of the DANMAP samples taken each year, only animals from these herds were included in the study.
Sampled pig population
The sampled pig population was composed of all pigs in Denmark from which a fecal sample was collected, E. coli was detected, and antimicrobial susceptibility was tested as part of DANMAP between January 2002 and December 2006.
16
VIEIRA ET AL.
Geographical location of herds
Geographical information system (GIS) was applied to identify the location of Danish pig herds. The geographical locations of the herds were obtained by merging their addresses with geographical coordinates. The coordinates of the addresses of 11,093 herds producing slaughter pigs at any time within the study period were included. The addresses of 70 (0.6%) herds from the pig population dataset could not be retrieved and animals from these herds were excluded from the analysis.
Computer software
Data on the number of animals slaughtered were provided as Microsoft Excel Ò 2003 (Microsoft Corp., Redmond, WA) files. Database management was performed using SAS Enterprise Guide Ò Version 3.0 (SAS Institute, Cary, NC). Data were organized into an event file, containing all the pigs sampled by the DAN-MAP, with their respective herds and sampling years, a population file with information on number of animals in each herd, and a geographical coordinate file. These files were used as input data in the spatial scanning software SaTScan TM version 7.0.2 (http:==www.satscan .org=) and all scan statistics were performed using Kulldorff's scan statistic (Kulldorff, 1997) . The geographical information system ArcView Ò 9.2 (Environmental Systems Research Institute, Redlands, CA) was used to visualize the scan statistic analyses and the location of herds with sampled pigs.
Analyzing spatial clustering
Purely spatial analyses were performed, which do not take time into account. Since DANMAP does not collect and analyze samples every month, the samples are only classified according to their sampling year. Due to these uneven monthly distributions of the samples within a year and the difference in the number of samples taken each year, the temporal component was artificially inserted in this analysis by making each yearly analysis separately, instead of a temporal or even a spatial-temporal cluster analyses. Scan statistics, based on a Poisson model, was used to identify spatial clusters of samplings. In this model, the null hypothesis is that the sampling rate is the same within and outside the sampling window, so the expected number of samples taken within each area is proportional to its pig population. Spatial scans were performed, at the animal level, for each individual year and for the total 5-year study period for all slaughter pig samples, in which the actual number of slaughter pigs delivered to slaughter from each herd was attributed to a herd location.
The spatial scanning window was set circular, at the maximum allowable level (50% of the population), and in turn centered on the coordinates of each herd. Population data were annually specified. The likelihood function was computed for each specific window, and the one with the maximum likelihood constituted the most likely cluster. For all analyses, the most likely and secondary (based on the size of the log-likelihood ratio) statistically significant clusters were detected. It is noted that around any cluster a large number of less likely overlapping clusters can be found with high significance since the inclusion or exclusion of a small set of animals may not have a large impact on the results (Kulldorff et al., 2006a) . SaTScan version 7.0.2 allows the reporting of various degrees of cluster overlap. When we conducted these analyses the software's criteria for reporting secondary clusters was set to report only clusters without geographical overlap. All the tests were run as double-sided tests scanning for areas with sampling rates higher or lower than the expected under the null hypothesis (high and low sampling rates). The relative risk (RR) to be sampled by the monitoring program for a specific site within an identified cluster was calculated as the ratio of the observed number of samples taken within the cluster and the expected number of samples to be taken within the cluster. We used 999 Monte Carlo replications to estimate the significance levels of these clusters. Thus, the problem of performing multiple tests using many scanning windows was addressed and type I error was restricted to 5%.
Results
The annual study population both as pig herds and number of slaughter pigs, and the number of pigs yearly sampled by DANMAP is ASSESSING SPATIAL DISTRIBUTION OF SAMPLINGshown in Table 1 . Figure 1 shows the spatial location of the herds with sampled pigs for each year from 2002 to 2006 and Fig. 2 shows for the entire 5-year period. Only 93 herds presented more than one pig sampled over the study period, with 83 herds with two slaughter pigs sampled, six herds with three pigs sampled, and four herds with four sampled pigs.
Spatial scan statistics detected for the year 2002 a significant spatial cluster of high sampling rate in the southwest region of the country, with a radius of nearly 32 km and including about 890,000 slaughter pigs (Fig. 1) . From this cluster, 32 samples were collected during that year, whereas under the hypothesis of no spatial clustering only 11 samples were expected. Within this cluster the relative risk for a pig to be sampled was nearly three times as high as For the 5-year scanning, one spatial cluster in the country's east area was detected. The cluster had a radius of near 27 km and covered much of the most urbanized area of the country. Between 2002 and 2006, about 1.6 million slaughter pigs were delivered to slaughterhouses from this area and, a total of 41 samples were taken. The relative risk of a slaughter pig being sampled in this area was 2.56 ( p ¼ 0.01). No areas presented low sampling rate clusters for the 5-year period at the animal level. Detailed information on the clusters presented in Figs. 1 and 2 are shown in Table  2 including cluster size, number of pigs produced within the area, number of sampled pigs within the cluster, relative risk, and p value.
Discussion
To our knowledge, this is the first time that scan statistics has been used to validate the spatial sampling strategy of an antimicrobial resistance monitoring program. In this study, we used spatial scan statistics to investigate if the distribution of samples collected by DANMAP was particularly low or high in some geographical areas of Denmark, during the study period. The purely spatial scans were performed yearly and also for the whole 5-year period.
Results from 2005 indicated clearly that spatial statistics can detect sampling problems. A large area from which no samples were taken presented a significantly low sampling rate in this analysis. Although scan statistics proved to be an excellent tool to detect sampling clusters, each cluster was assessed individually in order to determine if it was an artifact or a real sampling bias. A subsequent trace-back assessment could clarify that for the year of 2005, one of the slaughterhouses failed to deliver samples for the monitoring program. Plotting of herds delivering animals in previous years demonstrated that this specific slaughterhouse was responsible for the slaughter of most of the slaughter pigs produced at the low sampling rate area. In 2002, both a high and a low sampling rate cluster were detected and after a more careful assessment, it was concluded that the clusters did not represent any bias in the sampling and were likely just an artifact of the stratified random sampling program. For the 5-year analysis one high sampling rate cluster was detected, corresponding to a rapidly developing and urbanizing area (Fig. 2) . In the region of Frederiksborg the number of herds producing slaughter pigs was recently reduced. Since the purely spatial 5-year analysis only takes the sum of all animals produced over the period into account, the effect of the steep decrease in production numbers was not evenly spread over the years, as was the case for the yearly analysis, and resulted in a significant high sampling rate cluster for that area.
We propose the use of scan statistics as an additional method for evaluating sampling schemes. There are many tools available to perform test for local spatial cluster (Aamodt et al., 2006; Kulldorff et al., 2006b) . SaTScan TM is one of the most used because of its ability to incorporate additional settings that make the analysis more complete. This software accounts for an uneven population density and avoids the need of multiple tests due to the use of Monte Carlo simulation (Ward and Carpenter, 2000) . Other advantages such as being a freeware and presenting a series of other previous studies as reference are highlighted by another study (Pollack et al., 2006) , which mentions the need of available GIS expertise in order to visually display the obtained results. All these previously mentioned characteristics were observed in this study.
When performing the analysis, we defined spatial stratified randomness as our hypothesis. This way, whenever a significant cluster was detected, we rejected this null hypothesis. For studies evaluating the spatial distribution of a disease, whenever the null hypothesis is not rejected, the geographic pattern observed is less likely to provide important information (Kulldorff et al., 2006b) . On a sampling distribution evaluation, samples can be spatially clustered due to a reduced number of samples collected, a systematic sampling bias, or by chance. The yearly number of samples taken by DANMAP is enough to significantly represent the antimicrobial resistance prevalence among the pig population in Denmark. Still, other variables could affect the results of the analysis and consideration of power is important when deciding which test statistic to use (Song and Kulldorff, 2003) .
Conclusions
It is not likely that the sampling clusters detected in this study have a direct impact on estimates of the ''true prevalences'' of antimicrobial resistance obtained by DANMAP in Denmark. Overall, the detected clusters presented different spatial locations over the years and we can conclude that they were associated more with temporary sampling problems than with a failure in the sampling strategy adopted by the monitoring program. Any detected cluster would influence the assumptions regarding geographical representativeness of the sampling program. However, the association between the representativeness of the samples and the obtained prevalences are to be evaluated by other methods. Since the sampling strategy adopted by the evaluated monitoring program has its samples collection spread over the year, the yearly analysis worked well on the detection of the high and low sampling spots. On the other hand, the evaluation of the 5-year period did not provide reliable estimates, due to the changes in the pig population that could not be addressed when only the spatial component is evaluated. We conclude that spatial scan statistics is a useful tool for assessment of the randomness of the sampling distribution of monitoring programs and for detection of potential sampling problems.
